I. INTRODUCTION
Extant horsetail (order Equisetales), which originated from an ancient large horsetail tree of the Carboniferous Period, has attracted the attention of botanists, physiologists, and physicists because of its high silica content, [1] [2] [3] [4] [5] [6] and unique ultrastructures were the subjects of structural, [1] [2] [3] [4] morphological, functional, and physiological studies. 5, 6 The ancient horsetails, or class Sphenosida, were most widespread in the Carboniferous Period, when the surface of the earth was dominated by highly diverse forests. 7 The Calamites, a type of ancient horsetail, are believed to have grown to great heights of 30-40 ms, much taller than extant horsetails. 8 Horsetail is a strong accumulator of silica, which has been found in terrestrial plants, [9] [10] [11] diatoms, [12] [13] [14] sponges, and mollusks. 15 One role of silica is considered to give mechanical strength to tissue. Other possible functions of silica in plants include prevention of excessive water loss through the epidermis, 4 reflection of excessive light, 11 and protection against predators. The silica content in horsetail amounts to 25% of the dry weight and is derived from silicic acid from the soil, 8 and a part of deposition mechanisms of silica has recently been reported. 16 Lignin functions in binding other cell wall components such as cellulose microfibrils, and hemicelluloses and gives rigidity and/or mechanical strength to plants. 17, 18 Mutants with less lignin content showed decreased mechanical strength. [19] [20] [21] Another function is reportedly to make xylem cell walls more hydrophobic. The lignin content of horsetail is reportedly low (about 11-13%), 8 compared with pine trees (26-30%), 18 for example. Therefore, it has been speculated that one function of lignin for providing strength has been taken over by silica in horsetail. 8 Two species of horsetail, Equisetum hyemale and Equisetum prealtum, were cultivated in soil from April to December in Yokohama, Japan. E. hyemale grew upwards with scarce branching. E. prealtum likewise grew upwards, with branching at nodes only occurring perpendicularly. In this study, we have analyzed silica and lignin distribution using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDX) and histochemical analysis with light microscope in E. hyemale.
II. METHODS AND MATERIALS

A. Plant samples
Stems of horsetail were obtained from a garden in Yokohama, Japan. The species was identified as Equisetum hyemale L. based on morphological characteristics according to a) 22 Another horsetail, Equisetum prealtum, was purchased from a nursery.
B. Horsetail cultivation
The two species of horsetail were cultivated in soil and in aquaculture from June to September in Yokohama, Japan. For aquaculture, horsetail was harvested from the field and put in glass vessels containing Hyponex Cute medium (Hyponex Co. Ltd., Osaka, Japan) and kept under sunlight. This medium contained urea and KH 2 PO 4 , KNO 3 , Cu, Zn, and Mo ions, but the exact composition is proprietary.
C. Microscopic observations
The horsetail specimens were observed by an optical microscope (VHX-500 F, KEYENCE Co., Osaka, Japan), and Au coated specimens were observed by an SEM S-3000 scanning electron microscope (Hitachi Co.) equipped with an Emax Energy 7000 energy-dispersive X-ray analyzer (Horiba).
D. Histochemical observation of lignin
The Wiesner reaction was performed according to a standard protocol. 22 Samples of horsetail and rice stems were fixed in formalin: acetic acid: 70% ethanol (1:1:18) and washed with water. Transverse sections were hand-cut with a razor blade. Longitudinal sections were cut on the freezing stage of a sliding microtome and sections with approximately 100 lm thickness were used for the Wiesner reaction, 23 which reacts with the cinnamaldehyde residues of lignin. Sections were incubated for 2 min. in phloroglucin solution (2% in ethanol), treated with a few drops of 12 N hydrochloric acid, and then observed with a DMLB light microscope (Leica, Wetzlar, Germany).
III. RESULTS AND DISCUSSION
A. Silica and lignin distribution in horsetail stem
In order to demonstrate silica distribution in the stem of horsetail, SEM observation and EDX mapping were performed. Optical micrograph ( Fig. 1(a) ) and SEM images ( Fig. 1(b) ) of a cross-section of an internode shows that a stem of horsetail consisted of outer thick tissue and inner thin tissues with large vallecular canals. EDX mapping of silicon indicates the presence of silica. Silica is deposited densely only around the outer epidermis ( Fig. 1(c) ).
Furthermore, lignin distribution in horsetail was analyzed by the Wiesner staining. 23 Though horsetail contains lignin (11-13%), 8 no detailed histochemical analyses have been reported. This reports the distribution of lignin in Equisetum in detail. As shown by histochemical analyses (Fig. 2) , transverse sections of horsetail showed limited localization of lignin, stained in red ( Fig. 2(a) ). No lignin was detected in the silica-rich outer internodes of horsetail ( Fig. 2(b) ). In horsetail, a characteristic punctate lignin deposition (arrowheads) was visible ( Fig. 2(c) ).
To analyze this deposition of lignin, longitudinal sections were observed after staining by the Wiesner reaction. Intense lignin deposition was noticed in the vascular bundle (VB) ( Fig. 3(a) ). More detailed examination revealed characteristic helical deposition of the lignin observed in the VB, with one layer stained by the Wiesner reaction (arrowhead) in the inner region of the VB (Fig. 3(b) ).
The young shoots emerging from the stems of plants cultivated on soil were mechanically strong due to the presence of silica ( Fig. 4) . However, shoots from plants cultivated hydroponically with no addition of silicic acid were fragile and withered within two or three days ( Fig. 4(a) , arrows). Figures 4(b) and 4(c) demonstrate SEM images of the surface of the young bud formed on the plant cultivated on soil and that cultivated hydroponically, respectively. The latter seems to be morphologically less differentiated than the former. Based on EDX analyses, their silica content was lower than for plants cultivated on soil ( Figs. 4(d) and 4(e) ), suggesting that silica is essential for normal shoot growth. No significant difference in lignin content was noticed between soil-grown and hydroponically cultured shoots (data not shown).
B. Structural analysis of mechanical strength in horsetail stem
To analyze the structure of horsetail from a mechanical viewpoint, we calculated the response of a model structure of horsetail to a mechanical force applied perpendicularly to the long axis by a finite element method. 24 We analyzed the anatomical distribution of silica and lignin in detail in order to infer their functions in tissues and calculated the mechanical strength of horsetail stems using two models of the silica and lignin components to identify their individual roles.
Using the cross-section of a horsetail indicated in Fig. 1 for reference, we used a coaxial two-pipe model connected with 18 ribs as the horsetail model. As indicated in Fig. 1 , silica is mostly concentrated in the outer epidermis. Assuming that the outer pipe is composed of silica, as indicated in the inset of Fig. 5 , and the inner pipe is composed of lignin (model 1), we calculated the mechanical responses. For comparison, we also calculated the mechanical response of the inverse structure of model 2 in which the inner tube is composed of silica.
In these cases, the mechanical constant of Young's modulus and Poisson's ratio described in the legend of Fig. 5 were adopted. 25 As shown in Fig. 5 , upon application of a force perpendicular to the pipe axis, both the maximum principal stretching stress and deformation of model 1 with a structure similar to horsetail are much smaller than those of model 2. Therefore, from a mechanical viewpoint, the more likely structure of horsetail is with the silica content concentrated in the outer epidermis. The horsetail E. hyemale had the morphology of model 1 in Fig. 5 . The great height of the related Carboniferous horsetails may have been supported by a structural combination of silica and lignin; this zenith of horsetails may have been facilitated by an abundance of suitable silicon compounds. 26, 27 The distribution of lignin depends on the plant species. 28, 29 Lignin has the advantage of sticking to cellulose, hemicellulose, and other materials. Such properties make it possible for plants containing lignin to branch, even in the horizontal direction. Branching of tree stems aids in competing 
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for light and other atmospheric resources. 30 The horizontal direction of branching was impossible for ancient horsetails, which relied on the physical properties of silica, considering our experiments with E. hyemale and E. prealtum. Over millennia, trees with high lignin content, true branching, and many chlorophyll-containing leaves developed.
In ancient times, giant Calamites trees grew in wetland forests. The largest anatomically preserved calamite specimen found has been attributed to the genus Arthropitys, 31 of the order Equisetales. Arthropitys ezonata, a plant of the extant horsetail relative, was reported to have trunk containing a silicified matrix that preserved the wood structure. Extant horsetail also contains silica as a main constituent, which may have originated from such ancient plants.
IV. CONCLUSIONS
Whereas lignin is usually the major contributor to mechanical support of land plants, experimental and empirical data showed that in horsetail, silica was primarily responsible for structural support with lignin providing waterproof properties. SEM images and EDX mapping demonstrated that silica is dense only around the outer epidermis. In detailed histochemical analyses of lignin, no lignin was detected in the silica-rich outer internodes of horsetail, while a characteristic lignin deposition was noticed in the vascular bundle. To analyze the structure of horsetail from a mechanical point, we calculated the response of a model structure of horsetail to a mechanical force applied perpendicularly to the long axis by a finite element method. The more likely structure of horsetail is with the silica content concentrated in the outer epidermis.
